Abstract. Cork powder, the most important sub-product of cork processing, combined with thermoplastic matrixes like, high density polyethylene (HDPE), offer a new class of cork-polymer composite (CPC) materials with high added-value. Therefore, reinforcing strategies must be considered to increase the mechanical performance, especially when high content of cork powder is added to the formulation. Coconut fibres have several advantages, such as, low density, renewable source, low cost and biodegradability. The use of these fibres on the reinforcement of CPC materials will not only contribute to improve the mechanical performance but also for increasing the amount of natural component present on the final composition. The main goal of this work was to prepare HDPE/cork (50-50 wt.%) composites reinforced with discontinuous coconut fibres (5 and 10 wt.%) with and without the addition of coupling agent (2 wt.%) by extrusion. The developed reinforced cork based composites were characterized regarding its morphology and mechanical performance. Optical micrographs have shown a homogeneous distribution of the fibres. The coupling agent effect on CPC performance was also investigated. The tensile strength and tensile modulus of the reinforced composites were significantly improved with the addition of coupling agent. The use of 10 wt.% of coconut fibres in the presence of coupling agent promote an increase on maximum tensile strength of around 41 % comparing with the HDPE/cork (50-50 wt.%) composites. Scanning electron microscopy (SEM) micrographs of the tensile fractured specimens confirmed that the use of coupling agent promoted the interfacial adhesion between the fibres and the thermoplastic matrix. Since, like cork powder, coconut fibres have good thermal and acoustic properties, we consider that the novel reinforced CPC herein described have high potential to be used in building and construction systems and other structural 3D applications.
Introduction
Cork is the outer bark of the cork oak tree, botanically knew as Quercus suber L. [1] . It is a natural foamed material with closed cell structure, presenting an anisotropic structure, low density, hydrophobic behaviour comparing with wood based materials, excellent performance as thermal and acoustic insulator, interesting antivibratic properties, a near zero Poisson coefficient and low thermal conductivity. The combination of these properties makes of cork a material of choice for several applications including, as sealant material, thermal and acoustic insulator, flooring or in combination with rubber for gaskets in the automotive [1, 2] . Cork composites are one of the most promising fields under development on cork industry [3] . Previous works have shown the potential of combining this lightweight material with polyolefin's through melt based technologies [4, 5] , in order to create a profitable alternative to the storage or burning of the sub-products, such as the cork powders, obtained from several ending stages of cork industry. However, the use of high percentage of this natural material (e.g. 50 wt.%) represents a high volume content and consequently a reduction on the mechanical performance of the final composite material. Some of the routes used to improve the interfacial adhesion between cork and the polymeric matrix and, consequently the mechanical performance, includes the use of coupling agents [4] , optimization of the processing conditions [7] , use of natural origin fibres [8] and fibre modification [6] .
The advantages of natural fibres are its low cost, low density, specific strength, good thermal insulation properties, reduced tool wear, renewable resource and recyclable. Several natural fibres based thermoplastic composites have already found applications in furniture, packaging, building and automobile industries [9] . Additionally, cellulosic fibres like coconut fibres have higher modulus when compared to thermoplastic materials. Thus, these types of fibres can be strategically used to improve the strength and stiffness of composite [9, 10] .
Polymer, cork and natural fibres are not easily compatibilzed, although some polymers are more compatible than others providing better bonding interface. In the literature is reported that the natural waxy surface layer of coconut fibres provides a strong interfacial bonding between the fibres and the polyethylene matrix, due to its polymeric nature [11] . In this study, the coconut fibres were analysed regarding its thermal stability using thermogravimetric analysis (TGA). The contribution of coconut fibres for the improvement of composite mechanical properties was evaluated by uniaxial tensile tests. The tensile fracture surface of the different compositions was analysed by scanning electron microscopy (SEM). According to the present work the mechanical properties of the cork-polymer composites (50-50 wt.%) increased with the addition of short coconut fibres, preferably with the use of a coupling agent based on maleic anhydride.
Materials and Methods
In the present study was used a commercially available high density polyethylene (HMA -025), HDPE, with the following properties: a melting point of 136.6 ºC and MFI of 8 g 10 min -1 (Exxon Mobil, Germany). The cork powder resulting from the sanding process, with a particle size < 500µm and density of 157 ± 2 kg m The cork powder and the coconut fibres were dried overnight, at 80ºC, to reduce the moisture content. The different compositions were compounded on a counter-rotating twin screw extruder (Carvex, Portugal) with a temperature profile between 130 and 155 ºC and a screw speed of 30 rpm. The raw materials (HDPE and cork powder) were used in the powder form and all the coconut fibres had a size smaller than 20mm. Before extrusion all the components were premixed in the appropriate ratios according to the formulations listed in Table 1 . The composites, as pellets with a length smaller than 5mm, were further compression-moulded using a hydraulic press (Moore, UK) using the following conditions: temperature: 150 ºC during a period of 8min plus 2min under pressure: 1.42 MPa. Samples of 3mm thick were prepared and further used to obtain tensile specimens as described in our previous work [4] . Thermal gravimetric analyses (TGA) were also conducted (TGA Q500, TA Instrument). The samples were heated from 50 °C to 600 °C at 10 °C/min in air medium. Analysis was performed two times for each sample.
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The fracture surface of the reinforced cork polymer composites was analysed using a NanoSEM 200 FEI (The Netherlands) scanning electron microscope (SEM). All the samples were previously coated by ion sputtering with an Au/Pd alloy (80-20 wt.%) in a high resolution sputter coater of Cressington 208HR (Watford, UK).
Tensile properties of the developed composites were determined using an Instron 4505 Universal Machine (USA) equipped with a cell load of 1 kN. The crosshead speed was 5 mm/min. Height specimens per condition were tested until break. Tensile bars had a neck cross-section area of 3mm×4mm and a gage length of 20mm. Even its thickness is slightly higher (3mm) than the standard; the specimens were produced according ASTM D 638-03. Tensile modulus was determined at 0.05 to 0.25% of deformation using a linear regression.
Results and Discussion
The thermogravimetric analyses of both natural materials were conducted on air aiming to evaluate its thermal stability and the weight loss results are reported in Fig. 1 . For both, cork powder and the coconut fibres, no significant changes were observed in terms of weight loss for temperatures below 200 ºC. Just around 100 ºC a slight decrease was observed, corresponding, as expected, to the release of humidity from the fibres. For temperatures higher than 200ºC, the coconut fibres have shown better thermal stability. From the derivative curves it is possible to observe that coconut fibre have two degradation temperatures, at 282 ºC and 341 ºC, corresponding to the degradation of chemical components present on its composition. In the case of the cork powder, the degradation occurs also in two stages but at higher temperatures: 348 ºC and 458 ºC, respectively. 
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These results suggest that the chemical structure of cork has components with higher thermal stability compared with the ones present on coconut fibres. Nevertheless, for both cases, these temperatures are much higher than the higher processing temperature used on preparation of the composites: less than 160 ºC.
On Fig. 2 are shown SEM micrographs corresponding to the morphology of both natural components. From Fig. 2 a) it is possible to observe the typical morphology of a cork granule (< 500µm) including the cellular structure with closed cells and the high amount of available cells in a small area. In Fig. 2 b) is shown the typical surface of a coconut fibre with a diameter of ~200 µm. The fracture surfaces, after mechanical testing, of the prepared composites were analyzed by SEM and the results are shown in Fig. 3 . SEM micrographs from the fracture surface morphology of the different composites obtained after tensile tests are shown in Fig. 3 . In Fig. 3 a) is possible to observe the pull-out of a coconut fibre. At high magnifications (Fig 3b) a small gap between the coconut fibre and the cork-polymer phase was noticed. Both conditions indicate the lower adhesion of the coconut fibre to the polymeric matrix. Fig 3 c ) and d) presents the fracture of the previous system in the presence of 2 wt.% of coupling agent based on maleic anhydride. In this case was not observed the stretch of the polymeric phase and the fracture of the fibre occur at the same plane of the surface fracture. Moreover it was observed an improved adhesion between the coconut fibre and the cork-polymer phase. The tensile properties, tensile strength and tensile modulus, of the different composite formulations are presented in Fig. 4 . It was not observed a significant improvement of the tensile strength of the composites when coconut fibres where incorporated in both ratios of 5 wt.% or 10 wt%. However, a clear increase in the stiffness was noticed. Moreover, when 2 wt% of maleic anhydride was used, it was observed a significant increase that was proportional to the amount of coconut fibres added. The use of 10 wt% of coconut fibre with coupling agent, improved the tensile strength in 41%. In the presence of coupling agent and in terms of modulus an improvement was observed for the 5 and 10 wt.% of coconut fibre. In the last case an improvement of 27% in stiffness occurred.
Comparing with a previous work, where it was used pultrusion and compression moulding to produce cork-polymer composites [4] , the use of the coupling agent based on maleic anhydride promoted an improvement of around 10.3 % in strength of the composites prepared using a the same grade of high density polyethylene as matrix.
Literature reported the use of this methodology for other lignocellulosic fibres like wood, where the use of compatibilizers, such as functionalized polyolefin's, were incorporated to lower the interfacial tension between the polyethylene matrix and wood filler [12, 13] . In the present work the improvement of the mechanical properties of the developed composites in the presence of short coconut fibres and coupling agent are in accordance with the morphological tensile fracture observations.
Conclusions
The developed cork-polymer composites reinforced with natural origin fibres presents improved mechanical properties with an increase of the natural component on the composite. The use of 10 wt.% of coconut fibres in the presence of low amount of coupling agent based on maleic anhydride improved the strength in 41% and the stiffness in 27% comparing with the cork-polymer composite (50-50) wt.%. The morphology of the composites reveals that the coupling agent based on maleic anydride play an important role in terms of adhesion between the matrix and the natural fibres. The novel cork-polymer composites reinforced with natural fibres proposed on this work shows that this technological approach can be industrially appealing.
